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DEFORMATION MICROSTRUCTURE DEVELOPED DURING FATIGUE CRACK
PROPAGATION IN TYPE 316 STAINLESS STEEL AT 593°C

INTRODUCTION

A knowledge of the fatigue crack propagation performance of metallic structural
materials is of foremost importance to component design and safety considerations.
Since it is well known that fatigue crack propagation is the result of plastic
deformation in ductile materials, the relationship between the crack propagation and
the deformation has been studied both theoretically (1,2) and experimentally (3,4) in
terms of the "plastic zone" concept. Other experimental studies (5-9) have shown that
fatigue crack propagation produces a dislocation substructure which is related to the
effective stress level and the crack length. While the majority of these investigations
have been conducted for specimens tested at ambient temperature, few studies have
been directed toward the understanding of the deformation mierostructure produced
by fatigue crack propagation at elevated temperatures and only one study is known for
neutron irradiated material (10).

The purpose of this report is to present the results from a survey of the failure
modes and dislocation substructure produced by fatigue crack propagation at 593°C in
fast neutron irradiated and unirradiated Type 316 stainless steel. The microstructural
results complement the previously reported crack propagation test results (11) and show
the relationship between the deformation substructure and the mode of crack
propagation.

EXPERIMENTAL PROCEDURES

The Type 316 stainless steel plate materials, specimen design and preparation,
test conditions, and ecrack propagation test results have been reported in detail
elsewhere (11).

Briefly, 12.7-mm (0.5-in.)-thick single-edge-notched (SEN) cantilever specimens
were prepared from the plate material such that the crack propagation direction was
perpendicular to the plate rolling direction. To produce the 20 percent cold worked
condition in certain specimens, the plate material used to prepare these specimens was
given a 20 percent reduction in thickness by rolling at ambient temperature. To
investigate the effects of neutron irradiation, SEN center sections, 55.9 mm by 63.5
mm (2.2 in. x 2.5 in.) were irra?}ated irk an NRL subassembly in EBR-II to a ealculated
fast neutron fluence of 2.2 x 10°“ n/em® (> 0.1 MeV) at the estimated reactor sodium
temperature of 427°C (800°F). After irradiation, end tabs were welded in-cell to the
center sections to produce the final SEN specimen configuration for testing. All
specimens, unirradiated and irradiated, were tested at 427 and 593°C (800 and 1100°F)
in laboratory air using a zero-to-tension loading cycle at 0.17 Hz (10 cpm) to a constant
maximum load. Hold time effects were investigated for certain tests by maintaining
the maximum tensile load constant for selected time periods during each cycle.
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Scanning electron microscopy (SEM) was used to investigate the crack propa-
gation mode of selected specimens tested at 593°C. Specimen sections containing one
fracture surface were prepared from both the unirradiated and the irradiated fatigue
specimens. The unirradiated specimen sections were examined using a Coates and
Welter Cwiksean microscope. The irradiated specimen sections were examined using
an L.S.[. Super II microscope modified for remote hot cell operation. All fracture
surfaces were examined in the high voltage operating range at the centerline of the
fracture (mid-thickness of the specimen) starting at the root of the machined notch.

Transmission eleetron mlcroscopy (TEM) foils were prepared from selected
fatigue specimens tested at 593 OC by removing 3-mm (0.118-in.) diameter cylindrical
sections, whose axes were perpendicular to the fracture surface (parallel to X-
direction in Fig. 1). The sections were taken at the mid-thickness of the selected
specimens. A low speed water-cooled, cut-off-wheel was used to remove 0.25-mm
(0.010-in.) thick slices from each cylindrical section beginning at the fracture surface
(X =0). The slices were thinned to perforation using a conventional twin-jet
electropolishing technique. The resulting thin foils were examined in a JEM-200A
transmission electron microscope operated at 200 kV. The analysis of the TEM results
was conducted according to previously detailed procedures (12).

RESULTS

The fatigue crack propagation results previously reported for the specimens used
in this study (11) show that the effects of neutron irradiation and hold times at 427°C
did not significantly influence the crack propagation behavior of the annealed and 20
percent cold worked steel. At 593°C, however, both hold time and irradiation were
found to increase the crack propagation rates for both material conditions.

The SEM results for the unirradiated, annealed and cold worked Type 316
stainless steel tested at 393°C are summarized in Fig. 2. The results show that the
crack propagation mode was primarily transgranular for the zero hold time test
conditions, Figs. 2a and 2c¢, and was entirely intergranular for the one minute hold
time conditions, Figs. 2b and 2d, as previdusly reported (13). The micrographs for the
one minute hold time specimens also show distinct evidence for secondary intergran-
ular crack formation,

The crack propagation mode of the annealed and cold worked, irradiated Type
316 stainless steel tested at 593°C is illustrated in Fig. 3. For the annealed steel, the
crack propagation mode was intergranular for both the zero and the one minute hold
times, Figs. 3a and 3b. The specimens of the cold worked, irradiated steel indicate a
tendency toward a inixed failure mode, Figs. 3¢ and 3d, and the microscopic features
are seen to be distinetly different from those of the annealed specimens. Specifically,
these features suggest that processes such as slip band or twin formation have
produced localized regions of transgranular crack propagation in addition to those of
an intergranular nature.

Transmission electron microscope studies of uniform and cellular dislocation
substructure were conducted for both the unirradiated and the neutron irradiated
fatigue crack propagation specimens tested at 593°C only. The TEM results are
summarized in Table 1. The results reveal measurable dislocation cell formation in
only the unirradiated, cold worked specimens. For these specimens, the dislocation
cell diameter was found to increase with hold time for the locations indicated. It was
also found that the values for uniform dislocation density were elevated above the
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unstressed, unirradiated base level of 1 x 109 crn/cm3 for all conditions and locations
‘neasured.

Figures 4 and 5 illustrate the substructures observed for the annealed and cold
worked, unirradiated und irradiated specimens, respectively. In Figs. 4 (¢) and (d), the
voids and loops typical of fast neutron irradiated Type 316 stainless steel are clearly
evident. Although similar features are not as evident in the cold worked irradiated
micrographs of Figs. 5 (e} and (d), both faultaed loops and defect cluster formation were
observed in the cold worked specimens.

DISCUSSION

The SEM and TEM results were performed to show the influence of the
irradiation and loading conditions on the crack propagation mode and dislocation
substructure of the annealed and cold worked steel at 593 C., Comparison of Figs, 2
and 3 illustrates that the modes of crack propagation were more intergranular in
character for the irradiated specimens, particularly for the zero hoid time loading
condition. These changes in crack propagation mode were reflected by the higher
crack propagation rates previously observed for these irradiated specimens (11).
Inspection of Table 1 also indicates that the substructure results are consistent with
the fractographic evidence. In particular, the substructure results show that the
matrix dislocation density of the irradiated specimens was decreased relative to the
equivalent unirradiated specimens. Since it is well known that the square root of the
matrix disloeation density is directly proportional to the matrix stress level (12), the
dislocation density results demonstrate that the reduced level of matrix deformation
in the irradiated specimens was directly associated with the increased tendency
toward an intergranular crack propagation mode.

Previous studies of the authors (10) have shown that dislocation cells were
observed in unirradiated, annealed crack propagation specimens within 1 mm of the
crack surface, but not in irradiated specimens. Comparison of the locations surveyed
in the present study, Table 1, for the unirradiated, annealed material with those for
specimens previously examined (10) shows that both groups of TEM specimens were
taken at Y locations (Fig. 1) with approximately the same value. However, the
dislocation density for the previous study was considerably higher and the X location
was approximately one-third of that in the present study. This indicates that the TEM
specimens for the unirradiated, annealed condition in the present study were taken at
X locations beyond which cell formation would be expected based on the previous
work. For the unirradiated, cold worked specimens, the lower dislocation density and
the larger dislocation cell size observed for the one minute hold time specimen, when
compared with the zero hold time specimen for nearly identical X-Y locations,
suggests that the effective matrix stress level was lower for this specimen than for
the zero hold time specimen.

The results obtained in this study support the previous observations that the
spatial extent of the deformation produced by crack propagation is localized to a
region within approximately 1 mm of the crack surface. The present results also show
that, for the conditions examined, the dislocation substructure produced by the crack
propagation was directly dependent on the matrix deformation as reflected by the
mnode of crack propagation. Since the specimens examined in the present study were
tested at a temperature which is approximately 0.5 ' for 316 stainless steel, the
operation of either intergranular or transgranular crack propagation modes, dependent
on loading conditions, was entirely consistent with the activation of either grain
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boundary or matrix deformation mechanisms. The observed transition to intergranular
erack propagation or, for the cold worked material, erack propagation along slip bands
or twins, following neutron irradiation reflects the increased resistance to matrix
dislocation motion produced by the irradiation-induced defects as demonstrated by the
reduced dislocation density level of these specimens.

SUMMARY AND CONCLUSIONS

The dislocation substructure and failure modes were examined for annealed and
cold worked, unirradiated and neutron u'radlated Type 316 stainless steel subsequent
to fatigue crack propagation testing at 593°C. The following conclusions are drawn
from the results:

L. The dislocation density produced by fatigue crack propagatlon in unirradiated,
annealed and cold worked Type 316 stainless steel at 593 oC is directly dependent
on the matrix deformation as reflected by the mode of crack propagation.

2. The effect of neutron irradiatior is to hinder matrix dislocation motion, as
evidenced by reduced dislocation :nsities, thereby reducing fracture ductility
and increasing crack growth rates.

3. The absence of dislocation cell formation at the locations surveyed, except for
the unirradiated, cold worked steel, confirms that the spatial extent of the
deformation produced by crack propagation at 593 OC is localized to within1 mm
of the erack propagation path.

4. The observation of larger dislocation cells, a lower dislocation density, and an
intergranular failure mode for the unirradiated cold worked specimen tested with
a one minute hold time at 593°C, when compared with the specimen with a zero
hold time, implies that the effective matrix stress level produced by an
intergranular crack propagation mode is lower than for transgranular crack
propagation.
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